NADHxbiquinone oxidoreductase (complex I), the first component of the mitochondrial electron transport chain, transfers electrons from NADH to ubiquinone, with concomitant translocation of four protons per pair of electrons across the inner membrane (reviewed in [ 1-31). It contains one molecule of FMN and at least four iron-sulphur centres. Complex I from bovine heart mitochondria is now known to be a complex of around 41 different proteins. It consists of seven hydrophobic subunits encoded in mitochondrial DNA, and 34 nuclearencoded proteins which have been characterized by sequence analysis [ 1, 4-61. Assuming that one copy of each protein is present in the complex, its subunits contain a total of over 7955 amino acids making it more complex than the Escherichia coli ribosome, which has 7336 amino acid residues. The calculated molecular mass of the complex is greater than 900 kDa. This is close to values (670-890 kDa) determined from the flavin content [7]. The only other well characterized complex I is that from Neurosporu crasu mitochondria [8]. It has a molecular mass of 610 kDa [9] and contains at least 30 proteins [ lo]. Nine nuclear-encoded subunits have so far been identified as homologues of bovine complex I subunits [ 11, and homologues of at least six of the seven complex I gene products (ND1-ND6 and ND4L) encoded in bovine mitochondria] DNA are also found in the N. crussu mitochondria] genome [ 10-121.
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As summarized in Table 1 , some of the subunits of bovine complex I are covalently modified post-translationally. The most unexpected of these modifications is the pantethenic acid moiety attached to subunit SDAP, which is related in sequence to acyl carrier proteins [13] . The role of this subunit in complex I has not been elucidated, but it could be involved in phospholipid biosynthesis in mitochondria [ 141. An acyl carrier protein has also been found to be associated with the N crassu complex I [ 151.
If the mechanism of complex I is to be understood, a more detailed picture of its structure, and particularly of the electron pathway through the enzyme, are required. Given its size, the solution of Abbreviations used: FP, flavoprotein; HP, hydrophobic protein; IP, iron-sulphur protein.
the structure of complex I to atomic resolution by X-ray crystallographic methods is a distant prospect. However, an impression of the overall structure has been gained from electron microscopic studies of the A? crussu enzyme [9, 161, and it is likely that the bovine enzyme has a similar structure. These studies suggest that the complex may be roughly L-shaped, with one arm embedded in the membrane and the other extending into the matrix and 10 kDa proteins, and contains an FMN molecule and probably one 4Fe-4S and one 2Fe-2S iron-sulphur centre [17] [18] [19] . Both the FMN-and NADH-binding sites are probably in the 51 kDa subunit. The IP fraction is also water soluble, and two 4Fe-4S and one 2Fe-2S centres may be present [19] . Unlike the FP fraction, it is not a homogeneous complex, and appears to be composed of related complexes of the 75, 49, 30, 18, 15 appear to be the most likely sequences to be involved in binding the ADP moiety of NADH, and the nicotinamide-ribose moiety is likely to be to the C-terminal side of this pocket. The location of the FMN site is less certain, but the most likely region is the highly conserved sequence encompassing residues 332-386 and 180-234 of HoxF and the 51 kDa proteins, respectively. These assignments place the three domains for NADH, FMN and an ironsulphur cluster (see below) starting at the N-terminus and progressing to the C-terminus. Fe-S cluster N-2 and the ubiquinone pool [25] . Two electrons are transferred one at a time from N-2, and two protons are taken up from the matrix t o generate two bound protonated ubisemiquinone molecules, QbH-from two molecules of bound ubiquinone, Qb. Two molecules of Q, H. dismutate generating Qb and QbH2 (the dismutation is indicated by transfer of an electron from one Qb t o the other and uptake of a proton from the matrix and ejection of a proton into the cytoplasm). According t o this model, between N-2 and Q one proton is translocated per 2e-. In order t o account for an overall stoichiometry for complex I of 4H+/2e-, three additional protons would have t o be translocated between NADH and N-2. Table 1 ). None of these is suggested to be located in the seven hydrophobic ND proteins that are encoded in mitochondrial DNA. Only ND5 contains four cysteines that are conserved in mammalian species, but not in lower eukaryotes or plant chloroplasts [2] . ND5 is also part of subcomplex IB, whereas all known iron-sulphur clusters are found in the subcomplex I a.
Sequence information has been less helpful in locating possible ubiquinone-binding sites. Rotenone and piericidin A act by blocking electron transfer between cluster N-2 and ubiquinone, and ND1 can be labelled by photoactivable derivatives of rotenone [ 11. This suggests that NDl may contain, or form part of, the binding site for ubiquinone. It has also been suggested that there is similarity between ND 1 and the ubiquinone-binding protein of a bacterial enzyme, glucose dehydrogenase [23] , which is also sensitive to piericidin A. However, the homology is weak and statistically insignificant.
These findings about the locations of subunits and prosthetic groups and of associations of subunits are summarized in a model presented in Figure 1 . An important feature of this model is that it places all of the known redox groups with the exception of ubiquinone outside the lipid bilayer. However, the order of the redox groups in the pathway of electron transfer through complex I remains unclear. Intramolecular electron transfers have not been resolved by e.p.r., and there are no known inhibitors for specific transfer steps. It is probable that FMN acts as the immediate electron acceptor, and that cluster N-2 transfers electrons to ubiquinone, probably by single electron transfers via an enzyme-bound ubisemiquinone [ 11. Between these points, clusters N-3, N-4 and N-lb may form an isopotential pool, and they may correspond to those in the 51,24 and 75 kDa subunits.
The mechanism of coupling of electron transfer to proton translocation is even more problematical, and since complex I probably translocates four protons for every pair of electrons that it carries, it cannot be explained by a simple loop mechanism (Figure 2a; [l] ). Three coupling sites have been suggested, namely between FMN and clusters N-3, N-4 and N-lb (Figure 2b ; [24, 25] ), between these clusters and N-2 [3, 261, and between N-2 and ubiquinone (Figure 2c; [25] ). The location of the FMN within an extramembranous domain suggests that oxidation of the FMNH, may be coupled to proton translocation by regulation of a proton channel. Similarly, if proton translocation were coupled to other electron transfer steps within the apparently globular domain of the enzyme, this would appear to also require the operation of a proton channel.
In order to make further progress in understanding the structure and mechanism of complex I, several different approaches will be needed. Struc-
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tural studies on complex I and on subcomplexes of the bovine or A! crassa enzymes could be fruitful, providing that suitable two-dimensional or threedimensional crystals can be obtained. This approach could also be aided by the expression of mitochondrial subunits in bacteria and by their reassembly into subcomplexes. It may also be possible to avoid to some extent the extreme complexity of the mitochondrial enzymes by studying the bacterial enzymes, which are likely to contain fewer subunits; it is also possible that an enzyme related to complex I is also present in chloroplasts (see [ 11 for a discussion of this point). Unfortunately, no rotenone-sensitive NADH dehydrogenase has been purified from a bacterial source, although considerable progress has been made in the characterization of the enzymes from Paracoccus denitinficam and Themzus themzophilus. Several genes for homologues of bovine complex I subunits have also been characterized from the former source [27-291, and from Rhodobacter capsuhtus [ 301, Synechocystk [ 3 13 and Escherichia coli [32] ; this could eventually open the way to mutational analysis.
